Raman spectroscopy is a fast, non-destructive, and wellestablished technique for the investigation of carbon nanostructures. [1] [2] [3] [4] It proved to be particularly useful for investigating the properties of graphene: it is able to distinguish monoand bilayer graphene from graphite and few-layer graphene, 5 identify superlattice effects, 6, 7 atomic arrangement at the edges, 8 and to probe the amount of doping, 9 disorder, 10-12 and strain. 13, 14 Strain is of particular importance because nanoscale variations of strain strongly affect the carrier mobility in graphene 15, 16 and the electronic and optical properties of heterostructure-based devices. 7, 17 The possibility to apply controlled strain is also very attractive, as this would allow simple tuning of the electronic and optical properties of graphene. [18] [19] [20] However, most of the Raman studies focused on graphene under small strain, especially for the biaxial configuration that allows for more reliable measurements of the Gr€ uneisen parameters compared to uniaxial strain. 13, 21 Studies of the effect of biaxial strain on graphene are typically performed in the range 0.1%-1% of strain, 14,22-27 while uniaxial strain above 10% was reported. 28 Only one study 29 claims to achieve biaxial strains up to 20%. However, the corresponding Raman spectra show a shift of the 2D peak of just 10-20 cm -1 , which does not appear compatible with such a large strain. It is therefore important to find better ways to apply biaxial strain in order to study the Raman spectrum of graphene under larger strain.
In our previous work, we used pressurized membranes to study the Raman spectrum of a bilayer under a biaxial strain up to $1%.
14 However, under our configuration, membranes made of monolayer graphene were not strong enough to sustain larger strains. Here, we present an improved fabrication technique that allowed us to measure highly pressurized (up to $14 bar, compared to 2 bar as previously reported) graphene membranes by Raman spectroscopy. This allowed us to study the Raman spectrum of strained graphene up to 2% of biaxial strain. The deformation of the membrane was completely reversible, i.e., the membrane could be depressurized to 0% strain and pressurized to different strains repeatedly before becoming damaged. This was confirmed by performing Raman spectroscopy on the membrane after releasing the pressure. No difference in the Raman peak positions was observed between the measurements taken at zero pressure and on the released membrane ( Figure 1 ). Note that although the membranes can be repeatedly pressurized and depressurized several times, the Raman measurements are challenging as the setup has to be inserted under the optical microscope and connected to the piping line, and has to be perfectly stable during the measurements-the laser spot needs to be in the center of the membrane to achieve biaxial strain conditions. The measurements also require rather long time due to the use of low power (to avoid damage) and the long-distance objective.
Figure 2(a) shows a schematic of the setup used in this work. To fabricate the suspended graphene membrane, a double coated Si/SiN x wafer is first etched to obtain a 500 nm thick, free standing SiN x membrane of typically 70 Â 70 lm 2 in area. Then, a circular aperture (5-10 lm in diameter) is drilled into the SiN x membrane and the back side of the devices is covered with a reinforcing metal layer of $100 nm thickness (10 nm Cr and 90 nm Au or Cu). Finally, a micro-mechanically exfoliated single-layer graphene is transferred from silicon and suspended over the circular aperture by standard "wet transfer technique." 30 In our previous study, 14 the graphene membrane was simply placed on top of the aperture, so its "resistance to strain" depends only on the adhesion force between the membrane and the substrate. Here, graphene is placed at the bottom of the aperture, Figure 2 , and an additional reinforcing metal layer is used. Figures 2(b) and 2(c) show atomic force microscope (AFM) and scanning electronic microscope (SEM) images, respectively, of a pressurized membrane. Amongst 8 pressurized membranes investigated by Raman spectroscopy, 6 samples were able to reach strain above 1%.
The strain, e, is calculated as e ¼ DL/L 0 , where L is the length of the arc and L 0 is the diameter of the membrane at a pressure of 0 bar. The length of the arc could be simply calculated assuming that a spherical balloon is formed. 31 The height of the balloon was calculated using Hencky's solution for a pressurized clamped circular elastic membrane:
, where Dp is the differential pressure, K() is a coefficient depending on Poisson's ratio, v, E is Young's modulus, and w and d are the thickness and the height of the membrane, respectively. We used: K() ¼
33
Raman measurements were performed using a Witec Raman spectrometer equipped with 514.5 nm laser, 100Â NA ¼ 0.65 long-distance objective, and 600 and 1800 grooves/mm gratings. The Raman spectrum was measured at the center of the pressurized membrane, where the strain is biaxial (i.e., hydrostatic component of the strain is null due to the membrane symmetry). Figure 3 compares the Raman spectra measured on the unpressurized and pressurized ($2% strain) membrane. The Raman peaks are strongly down-shifted when the strain is applied: the G peak position moves from $1586 cm À1 to $1476 cm À1 , while the 2D peak moves from $2679 cm À1 to $2441 cm
À1
. This is in agreement with the Raman spectrum of graphene under tensile strain. 13, 14 We note that the G and 2D peak positions of unstrained graphene do not correspond to those expected for suspended graphene. 34 A likely reason for this is that the membrane becomes slightly doped and also strained during fabrication, which can explain the relatively high values observed for both the G and 2D peak positions without any applied pressure. The small contribution of strain and doping, however, do not strongly affect the relative changes of the peak positions with strain (Dx/e), Figure 4 . Note that the uncertainties in strain values shown in the figure are mostly originating from the uncertainty in pressure measurements. Moreover, for low differential pressures, the strain is likely to be over-estimated due to the difficulty of controlling a very small differential pressure inside the chamber. The average rates of change of the Raman shift with the strain for G and 2D peaks are Dx(G)/e ¼ À62 cm À1 /% and Dx(2D)/e ¼ À138 cm À1 /%, respectively. This is in very good agreement with the calculated Dx(G)/e and Dx(2D)/e for biaxial strain under 5%, which has been reported in the range of À59 cm À1 /% and À144 cm À1 /%, respectively. 13, 21 Also, the ratio between the rates is 2.225, in excellent agreement with a ratio of 2.2, as experimentally and theoretically reported in Refs. 35 and 36.
Because our fabrication technique allows straining graphene over a large range, we can now investigate if and how the Raman spectrum changes from small to large strains. Calculations have shown that the Gr€ uneisen parameters of graphene can change with strain: under large biaxial strain either compressive or expansive, Dx(G)/E is expected to be significantly different than that for small strains, being smaller in the case of compressive strain and larger in the case of expansive strain. 21 Our data are in very good agreement with the calculations of Ref. 21 that reports a G peak Gr€ uneisen parameter of 1.8 in the range of strain investigated in our work. This implies that a higher strain, possibly above 5%, is needed to change the fundamental properties of graphene. 21 However, a clear change in the Raman spectrum is observed for strain beyond 1%: both the G and 2D peaks appear broader, Figure 2 . The full width at half maximum (FWHM) strongly increases above 1% strain, Figure 5 : FWHM(G) increases from $13 cm À1 to 23 cm
, while FWHM(2D) increases from $22 cm À1 to 45 cm
. Broadening of the 2D peak has been observed previously for uniaxial strain 13 but not for biaxial strain, as the latter configuration does not affect the reciprocal position of the Dirac cones; so it is not expected to affect the resonant activation mechanism of the 2D peak. 37 As this change becomes clear only above 1% strain, the broadening could be related to a loss of the biaxial configuration. However, in this case, we would expect to see the splitting of the G peak, as in any type of strain configuration that is not biaxial. 13 Considering that the strain we were able to achieve is rather large, the splitting should be clearly visible: under uniaxial strain, for example, the splitting is already visible at $0.6% strain. 13 Therefore, the peak broadening does not look like an artifact.
A recent work 38 reported broadening of the G and 2D peak, when measured under a magnetic field of 8 T. The high magnetic field suppresses any effect from doping on the width of G peak; therefore, the broadening has been attributed to a local variation of strain within the laser spot size. Indeed, broadening is clearly observed whenever significant nanometer-scale strain variations are present, i.e., next to wrinkles, bubbles, etc. The ratio between FWHM(2D) and FWHM(G) reported in Ref. 38 is $2.2. Following this reasoning, we also calculated the ratio between FWHM(2D) and FWHM(G) at different strains and found it to be $2.3 on average, similar to Ref. 38 . Therefore, the broadening observed at high biaxial strain could be explained by assuming that such a large strain starts deforming locally graphene, by producing "strain-puddles" over an area comparable with the laser spot size ($500 nm).
In summary, we have introduced a simple technique for the fabrication of pressurized and stable graphene membranes that can hold up to 14 bar and $2% strain. to previous studies, our device offers controllable, reversible application of biaxial strain on singleÀlayer membranes. No changes in the Gr€ uneisen parameters are observed in the range of strains investigated. However, broadening of the G and 2D peak is observed at strains above 1%. This has been attributed to large nanometer-scale strain variations produced within the laser spot size.
